Void swelling in 0.045%Ti-modified 316 stainless steel was investigated by 200-keV C+ ion bombardment.
Received October 14, 1981 Void swelling in 0.045%Ti-modified 316 stainless steel was investigated by 200-keV C+ ion bombardment.
Three metallurgical conditions, i.e. solution treated, 20% cold-worked and 20% cold-worked+ aged at 898 K for 1,000 h, were compared. Solution treated materials showed considerably low swelling, while the other two conditioned materials showed much higher swelling.
The swelling for 20% cold-worked+ aged materials was the highest. In solution treated condition, a number of fine-scale TiC precipitates appeared uniformly in the irradiated matrix.
The precipitates and also solute Ti and C are considered to suppress void nucleation by vacancy trapping mechanism.
In 20% cold-worked condition, high density dislocation networks were observed being heavily decorated dy TiC precipitates, leading to void swelling increase as a consequence of reduced dislocation sink strength and of depletion of solute Ti and C in matrix.
In 20% cold-worked+ aged condition, as a result of solute depletion by precipitation of various type precipitates and partial recovery of cold-worked dislocation structure, an enhancement of void swelling occurred.
The 0.045% Ti-modified 316 steel was found to be more swelling resistant than type 316 steel.
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The void swelling induced in these alloys during irradiation can result in dimensional and chemical property changes in the core components and is an important technological problem in fast reactors.
Type 316 steel is reference material for the austenitic stainless steel alloy class. Void swelling in the material has been studied extensively up to the present time. The irradiation temperature and dose effects, as well as metallurgical parameters, have been investigated.
The void swelling is now well known to be particularly dependent on concentrations of minor elements, such as Ti, Si, C and others, in the type 316 steel.
The type 316 steel modification by titanium addition has been attempted by several workers, aiming at improvement in the swelling character (1)(4). Ozaki & coworkers investigated the titanium addition effect on void swelling in titanium concentrations between 0 and 0.3% in weight. Results showed that, even in low concentration of 0.03%, significant swelling reduction was expected (5) . In this work, the void swelling in 0.045%Ti-modified 316 steel was investigated in some detail. Three metallurgical conditions, i. e. solution treated (ST), 20% cold-worked (20CW) and 20% cold-worked+aged (20CW+ AG) material conditions, were studied.
II, EXPERIMENTAL PROCEDURE
The materials studied in the present work are a modified 316 stainless steel with minor titanium addition (0.045%). The chemical composition of the alloy is given in Table 1 .
The alloys were prepared by three metallurgical conditionings, i. e. solution treatment (ST), 20% cold working (20CW) and 20% cold working +aging (20CW+AG). The ST materials were annealed in Ar at 1,423 K for 15 min. The 20CW materials were made by cold working the ST materials.
The 20CW+AG materials were made by annealing in 1x 10' Pa vacuum at 898 K for 1,000 h after 20CW. The irradiation specimen was a disc 3 mm in diameter and about 0.2 mm thick. Immediately before setting in the irradiation facility, the specimens were lightly electropolished to obtain a fresh smooth surface. Irradiation facility details have been described elsewhere (6) . Helium was implanted initially at room temperature.
Amount of He implanted was 24 and 48 appm for the following 38 and 76 dpa C+ ion irradiation, respectively, so as to keep the ratio 0.63 appm He/dpa.
The He preimplanted specimen was irradiated with 200-keV C+ ions, which induced displacement damage extending over 380 nm from the surface in stainless steel. An average damage of 1 dpa is given by 6.8 x 1019 C+ ions/m2 irradiation.
The damage rate was 1.1 x 10-2 dpa/s. After irradiation, specimens were electropolished in a solution of 10% HCIO4 and CH3COOH at 285 K. Observations were performed with a HU-650 electron microscope operating at 350 kV. The void diameter and void density were measured on transmission electron micrographs.
The specimen thickness in the irradiation area was estimated from stereo analysis. Some precipitates were determined by selected area electron diffraction pattern analysis (SAD). Attempts were also made to determine the composition of the precipitate particles in the materials and to trace microchemical segregation around voids by means of energy dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EEL), using JEM 200-CX electron microscope.
EXPERIMENTAL RESULTS
Void swellings in ST, 20CW and 20CW+AG materials were examined in the temperature range of 798~973 K at 38 dpa. Photograph 1 shows typical microstructure and void distribution data for the three materials, before and after irradiation.
In ST materials, the matrix is fully austenitic and fine-scale precipitates about 5 nm in average size appear frequently in the matrix before irradiation.
After irradiation, occasional small voids and a large number of fine-scale precipitates are observed. In 20CW materials, the microstructures exhibit the usual high density dislocation networks and deformation bands, with large cubic shape precipitates about 40 nm in size. The void distribution in 20CW specimens is very inhomogeneous. Large scale voids always appear associated with the large cubic shape precipitates. The dislocations are likely to be decorated with some precipitates after irradiation.
In 20CW Void swelling, void density and void diameter temperatures dependence under various metallurgical conditions for 0.045%,Ti-modified 316 steel at 38 dpa
Photo. 2 Bright-field (a) and dark-field (b) images of ST material after 38 dpa irradiation at 898 K. Dark-field, image micrograph shows white dot contrast from fine-scale precipitates.
Energy loss spectrum (c) shows Ti peak froth the fine-scale precipitates.
Photograph 2(a) and (b) show bright and dark field electron micrograph images of the C+ ion-irradiated ST specimen, indicating the uniform distribution of fine-scale precipitates in the matrix. From the SAD and EEL analyses, the fine-scale particles are identified to be TiC precipitates.
Photograph 2(c) shows the EEL spectrum obtained from the small matrix area including several fine-scale particles.
It is confirmed that Ti is contained in the particles.
Due to high background level in lower electron energy region, it is hard to clarify the existence of C in the particles, though a weak C peak sometimes appears as a shoulder profile in the EEL spectrum. 
W. DISCUSSIONS
The ST 0.045% Ti-modified 316 steel shows 0.5% void swelling at 38 dpa and the maximum swelling temperature, while, solution treated type 316 steel shows 8.0% swelling at the same irradiation condition(5). The low swelling in the materials with 0.045% Ti addition is noted.
The various minor element additions influence has been investigated by Bates & Johnston on Fe-15Cr-20Ni alloy(8) and by Gessel & Rowcliffe on Fe-7.5Cr-20Ni alloy, showing that Ti is one of the most effective swelling inhibitors (9) . These papers indicate that effective reduction in swelling would be expected by more than about 0.1% of Ti addition, when Ti is singly added. The present experiment revealed that a low Ti content 0.045% is still effective in reducing swelling. Several papers concerning swelling reduction by Ti addition have offered a conclusive remark that the beneficial effect of Ti and also C is effective only when these elements are in solution (2)(4)(10). Nagasaki & coworkers have made an explanation on the role of solute Ti in suppressing void nucleation by vacancy trapping mechanism (11) . The low swelling in the present ST materials may partly be due to the presence of Ti and C in solution.
In the present ST materials, a large number of very fine-scale TiC precipitates appear in uniform 'distribution after C+ ion irradiation, though some precipitates are observable even before irradiation'. No spatial correlation exists between the precipitates and occasional voids: This observation indicates that fine-scale precipitates appear to have a very significant effect on void swelling behavior. Homogeneously distributed fine-scale TiC precipitates as well as Ti and C in solution would also be effective in trapping vacancies -50 -and reducing free vacancy concentration in the matrix, and eventually suppressing void nucleation.
Kawanishi & coworkers have shown that ion-implanted Ti atoms, which are thought to be in perfect solution in the type 316 steel, increase void number density strikingly (12) . This result suggests that, in earlier works and the present work in which Ti addition results in reduced void density, Ti atoms are not in solution but exist presumably as invisible size of TiC. As for the Ti state in solution treated type 316 steel and the influence on void nucleation, further sophisticated investigations are required. Almost all large diameter voids are observed to be associated with large TiC precipitates, which appear frequently, especially in 20CW and 20CW+AG materials. These precipitates are known to act as biased sinks for vacancies, which results in enhanced void growth, because compressive strain field around the precipitates is exerted due to the lattice parameters difference between the TiC and the 316 steel matrix, as discussed by Nagasaki & coworkers (11) . Inasmuch as fine-scale TiC particles can apparently act as swelling inhibitors, a critical TiC size might exist to assist void growth, though it is not known in the present work. Although it is true that the large TiC precipitates could be a factor in void nucleation and growth, the precipitates appear to be unimportant from the swelling standpoint, because they are usually low in number density.
Cold work by 20% is found to increase swelling between 823 and 923 K temperature range in the present experiment.
It is widely accepted, both in neutron irradiation(13)(14) and ion bombardment experiments(4) (15) , that such a degree of cold work is effective for decreasing the swelling of solution treated type 316 steel. However, the present experiment shows the reverse tendency, as presented in Fig. 1(a) . Swelling increase, caused by cold working, comes from the increase in void density, as shown in Fig. 1(b) . The void density for 20CW materials approaches about the same amount as that for 20CW+ AG materials. On the other hand, 20CW+AG materials show prominent swelling increase due to large void diameter, compared to 20CW materials.
Therefore, it may be considered that cold working promotes void nucleation and aging after cold working accelerates void growth.
There are several experimental results that indicate swelling promotion by cold working, in case of Ti-modified type 316 steel. Ellis & coworkers found, in their 5-MeV Ni+ ion irradiation, that 20% cold-worked 0.23% Ti-modified 316 steel swells more than 19% cold-worked 316 steel in all the temperature range, except peak swelling temperature"). They attributed this phenomena to the low solution heat treatment temperature, which leads to a more dilute solute Ti in matrix than was [expected. It is certain that 0.25% Ti is a large enough amount of suppress swelling, as demonstrated in solution treated Fe-7.5Cr-20Ni alloy, if the Ti atoms dissolve in the matrix (9) . However, the tendency for cold working to increase swelling is also presented in 321 steel, where about 0.4% of Ti is contained, in both neutron (13) and ion irradiation(4) (17) . Even in 0.51% Nb-modified 316 steel, the cold working is reported to degrade swelling resistance(4).
Gessel & Rowcliffe accounted for the Ti effect from the lowering of vacancy formation energy that cause the lowering of swelling at higher temperature region, as thermally created vacancy overrides irradiation-produced vacancy concentration (9) . This idea, however, does not seem to explain the swelling resistance reduction by cold working, as it is difficult to explain how the increase in dislocation density affects vacancy formation energy. It does not explain the promotion of nucleation, rather than growth, that cold working affects.
Dislocation networks formed by cold working can accommodate Ti and C and the diffusion along dislocations is relatively fast, therefore, precipitation and coarsening of TiC precipitates occur on the dislocationso (18) .
Heavily precipitated TiC on dislocations might cause local depletion of solute Ti and C in matrix, leading to heterogeneous nucleation of high density voids corresponding to non-uniform distribution of the dislocation networks, partially due to recovery of cold worked dislocation structure.
Therefore, void swelling behavior in 20CW materials may be understood by microchemical evolution during irradiation.
Moreover, there is a possibility that such precipitates-decorated dislocations weaken their sink strength due to the stress relaxation of dislocation core. This effect invalidates the inherent cold work effect. The contribution of both effects would, in actual, be responsible for swelling increase from the ST material.
According to the time-temperature-precipitation (TTP) diagram presented by Weiss & Stickler, M23C6 is the principal stable precipitate produced in type 316 stainless steel by thermal aging at 989 K for 1,000 h (19) . The formation of eta, Laves and sigma phase are also reported by Maziasz (20) . Cold working itself, before aging, can accelerate carbides precipitation (21) .
In the present 0.045% Ti-modified 316 steel, M23C6 carbides (primarily Cr23C6) are found to form extensively along the grain boundary, as well as various size TiC precipitates, mainly in the matrix. Moreover, after the ion irradiation at 873 K, in addition to the carbides mentioned above, Mo rich carbides (Cr, Mo)23C6 are also observed, presumably produced by radiation-enhanced segregation mechanism. By the precipitation before and during irradiation, a large fraction of solutes, such as C, Ti, Si and others, which can act as swelling inhibitors in solution condition, would be removed from the matrix. In consequence, drastic increase in void swelling might occur in 20CW+AG materials.
Similar swelling increase by thermal aging has also been observed even in standard type 316 steel irradiated in the EBR-II (22) and also irradiated by 200-keV C+ ions(23', extensive carbide precipitation being the cause of the swelling enhancement.
Thermal aging of 898 K for 1,000 h is intended to give the material a similar microstructure evolution in high temperature environment in fast breeder reactor. However, it is not certain whether such heavy precipitation resulted in the aging could occur in the reactor, for there is a possibility that neutron irradiation causes dissociation of precipitates competing with precipitation evolution at high temperature.
The heavily precipitated state shown in the 20CW+AG is thought the most vulnerable to void swelling.
Void swelling in 0.045% Ti-modified 316 steel is found to increase by 20% cold working.
Even so, the 0.045% Ti-modified 316 steel shows still less void swelling than standard type 316 steel. This result indicates that 0.045% Ti-modified 316 steel would be a prospective candidate for fast breeder reactor core materials.
V. CONCLUSION
A modified 316 steel with 0.045% Ti addition was investigated in regard to void swelling by 200 keV C+ ion irradiation.
Three metallurgical conditions, solution treated, 20% cold-worked and 20% cold-worked and aged for 1,000 h at 989 K, were compared.
Solution treated materials showed considerably low swelling, while the other two conditioned materials showed much higher swelling.
The swelling for 20% cold-worked and aged materials was the highest.
In solution treated conditions, a number of fine-scale TiC precipitates appear in irra- 
